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Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) is a focal form of epilepsy characterized by 
seizures occurring during non-REM sleep. We have developed and characterized the first mouse model for 
ADNFLE type III carrying the V287L mutation of the p2 subunit of neuronal nicotinic receptor. Mice expres- 
sing mutant receptors show a spontaneous epileptic phenotype by electroencephalography with very fre- 
quent interictal spikes and seizures. Expression of the mutant p2 subunit is driven by a neuronal-specific 
tetracycline-controlled promoter, which allows planned silencing of transgene expression in a reversible 
fashion and tracking the involvement of mutant receptor in crucial phases of epileptogenesis. We found 
that restricted silencing during development is sufficient to prevent the occurrence of epileptic seizures in 
adulthood. Our data indicate that mutant nicotinic receptors are responsible for abnormal formation of 
neuronal circuits and/or long-lasting alteration of network assembly in the developing brain, thus leading 
to epilepsy. 



INTRODUCTION 

: ' ■ . ' . " 

affecting 0.5-1% of world population (1). In the last decades a 
getitjiie elioiogy has been ca-nnni.txi for several epileptic syn- 
dromes, caused by mur.i 

Among these, autosomal dominant nocturnal frontal lobe epi- 
lepsy (ADNFLE) was fhe first ids, -\ hose genetic 

origin was elm. - - - - 

zuies utismg m unh dutmg nor-' age of onset 

during childhood (3). In ■ os v controlled 



by anti-epileptic drugs, however one-third of patients are refrac- 
tory to treatment (4). 

So far, mutations linked to ADNFLE have been identified in 
genes coding for the «4 (CHRNA4) (5-7), a2 (CHRNA2) (8) 
and (32 (CHRNB2) (9-11) subunits of the neuronal ni 
receptor f ipentamei ic structures composed of 

i,4 _ :\pe of nAChR 

Since most of the mutations affect the second transmem- 
brane domain of the subunit that leans into the ion gate of 
the receptor, their functional effect has been mainly studied 
through electrophysiological approach by expression of 
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reconstituted receptors. Although a common effect of the 
different mutations is expected, the results obtained by in 
analyses have been often divergent (13,14). Indeed, 

■ '. in ' : ill ■ 

the receptor due to CHRNA4 mutations (15), we documented 
" function when expressing reconstituted receptors 
carrying the (32 subunit V287L mutation, which we have pre- 
viously shown linked to ADNFLE (9). 

In fact V287L mutant receptors display a dramatic desensi- 
tization delay after agonist activation, leading to a prolonged 
cationic inward current. 

Here we describe the first ADNFLE mouse model harboring 
the V287L missense mutation of the (32 nAChR subunit. In 
vivo studies on a4 ADNFLE knock-in mutant (16,17) have 
provided information on the mutation effect on receptor func- 
tion, however, the precise pathogenetic mechanism of this epi- 
lepsy is still unknown. 

Knock-in models are very informative tools to study this 
disorder but they may be of limited efficacy, 
permanent geneti 

timing of the disease, which implicates adaptive changes in 
brain physiology. 

We idfiv i ilrol led 

expression system (tet-off), that allows silencing of transgene 
expression in a reversible fashion, in the effort to dissect the 
role of mutations in epileptogenesis and epilepsy. This strat- 
egy actually enabled us to control temporal expression of 
mutation, tackling its epileptogenic role during development. 
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RESULTS 

Development of ADNFLE mouse model 

In ordei i> "! »i ntai ion, we 

generated a transgenic mouse model, employing the TET-OFF 
conditional expression system ( gene of inter- 

est is cloned under control of the tetracycline responsive 
etemeni (TRrPt.. >.vho>e ■ ie'nYy>H<n i:. i'e ( sssj .?>u >:•< binding 
of tetracycline-controlled tran 

Binding ol" Cl'A lo Hi!'., and um>^ p;en; s a .'swcnpiion of 

the downstream gene, can 
tTA with tetracycline. 

We introduced the pathogenetic V287L mutation by site- 

coni'ci m; ■ t> = ' Ulan ■ n ms- 

gene was then cloned into pUHD10.3 vector, in between the 
TRK and (lie potvtHjenvkujpr r.e-iLience oi'S\"40. generanng the 
Until construe!, p i ■.:■!>> p%" ; ;sp:s i V. ReguPseP expression ol' 



.. ■ silenlified 

three . . . (hree lineages, called FVB- 

^ • ■ ■■■ 

FVB-Tg(TF r -< ■ . - HI, H3 and H5 

responder lines). Since both the heteromeric |32 nAChRs 
and the prion protei - - und overlapping expression 

in central nervous system (CNS), responder mice of HI, 
H3 and H5 lines were crossed with a line of transgenic mice 
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expressing tTA under the control of the prion protein promoter 
(FVB-Tg(PrnP-tTA/F959) (19), ensurii 

ssion from emhr < throughout the adult 

life (20). 

However, the expression of the mutant transgene under 

result in the ee! of the receptor. In fact, the 

assembling of the pentameric functional re 
the presence of nicotinic partner >A\in;S. 'which are normally 
expressed in spec it ' , 

nun ■ :.n fat e. 

Alter crorwinp we ebnesa.-e sice.- ' • •! »i > il>l ' l:,n. . < t 
mice (di J is 1 I \ 

ihul W ' ' 

111 A:( 7i«c/C x - H 1 )S3 ene AVPAP ,;,'!.! A:C/,n//.: v ' s " »S5, 
• S5 mice (Fig. 1C). 

Transgenic mice of viable and 

fertile. V >r\-moioi fun ■ 

tions were obsen wild-type mice 

by SHIRPA protocol primary screening as described in 
methods (data not shown). 



Transgene genomic integration 

was assessed in responder 
lines (HI, H3 and H5) by Southern blot hybridization analysis, 
using probes at 5' (on TRE promoter) and 3' (on SV40 poly- 
adenylation sequence) of the transgene. Detection of a single 
hybridization band demonstrated that in HI and H5 lines the 
transgene was inserted in single copy. Conversely in H3 line 
the complex pattern of bands observed indicated a tandem 
insertion of multiple copies (Fig. 2.A). In fact we determined 
that the H3 line carries four copies of the transgene arranged 
in tandem (Fig. 2B). 

The exact insertion site of the transgene was also defined in 
each line i ' " <• • 'henotype 

observed in double transgenic mice was specifically due to 
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expression of Chrnb2 ' transgene and not to its insertion in 
genomic regions coding for proteins involved in neuronal 
physiology. Actually transgenes were inserted in non-coding 
regions of the genome (HI in chrl 8:36994820; H5 in 
chrl 1:21926392; H3 in chrl: 12,085,938) and did not alter 
expression of the genes in cis. 

In particular, in the H3 line we mapped transgene insertion 

I i\ e :l : in 
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Pip Pa i:\oit! pi'io::;;:!! ^ci a. Aa>, ior of" (he encoded 
protein; this, however, ham rumination between 

eiKkssemni:, and i r: i n ^pcr PC. pis, Pans. Analysis of iniiisgene 
oxprossion ims iheiek.iv pePorated on ihe relative mRNAs. 
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and ",aaa\P .,.'.;. ; a;,- ,a\aaaa>a.sn of nsinagene (Hg. 3A). Com 

plete silei .'onfirmed in mice 

treated with the tetracycline analogue doxycycline (Fig. 3A). 
The brain regional expression of 7g(Chrnb2 v2 * 7L ) was also 
analyzed. We observed that the regional expression of trans- 
gene was higher in cortex, hippocampus, cerebellum and 
caudate-putamen. S3 mice showed the highest expression 
compared with SI and S5 mice, as expected for the multiple 
copy insertion (Fig. 3B). Probably due to a position effect 
(21), SI line expresses the transgene to a lower level than 
S5, though both lines integrated a single copy of the transgene. 

p2 protein expression level is higher in S3 mice, as 
expected from transcriptional data, in cortex, caudate-putamen 
and hippocampus. We found unchanged level of (32 subunit in 
the thalamus and, importantly, of a4 subunit in all CNS areas 
(Fig. 4A-C). We thence \erified that the increase in (32 sub- 
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units amount did not lead to a I of assembled 

tveepiors, since ii could cuu.ae racae '--J ceuioaa! exciiahiiiiy 
' -I) of the mutation. 
Epibatidine, a high ai - - is 

■eriments. 

Wc cl; nun nil 

receptor by co-iransiechna con-aracw expressing u4 and wild- 
ells. No 

difference in affinity for ligand was observed between 
wild-type and mutant receptors (wild-type K D = 98pM 
= 24%; wild-type 

Kj = 1 7. 1 nM, CV = 38%; mutant K, =14.9 nM, CV = 28%). 

We therefore proceeded to the estimation of the total 
number of (32-containing nAChRs by binding of 
" H-epibatidine to membranes obtained from, cortex, hippo- 
campus, caudote-pufamen and thalamus of wild-type (wt), 
tran ge ii tTA, S3 and S5 mice (Fig. 4D). No significant 



difference was found among the diffe 

nor 125 I-a-Bungarotoxin binding of homomeri 

different (data not shown). These data ensure that the pheno- 

type observed in mutant mice is ex - ly determined by 

incorporation of mutant (32 subunits in functional receptors 

and not by an increased receptor number. 

Moreover we verified that the relative subunit composition, 
of assembled re red in mutan i < 

immunop 

and 'Il-cpibiiUdine iuMcd - \i'hR> on cortical (issues 

(Fig. 4E). 

Basal brain electrical activity 

The most commonly used protocols for detection of spon- 
taneous s- ii -J on repeated elec- 

c> 

a 

limited to specific times of the day. In order to rule out the 
occurrence o! anorauneous secures in out" iiriiisgenic mode!, 
we decided to perl us EEG recordings of each 

animal for 24 h. EEG traces were analyzed with an unsuper- 
vised compu< ii i i > nl nased detec- 
tion and quantification of EEG abnormalities, and histograms 
of amplitude were 1 ,sch recording (see Materials 
and Methods). 

We observed that transgenic mice of both S3 (n = 15) and 
S5 (« = 1 3) lines displayed a sharp epileptic phenotype 
characterized by very frequent spikes of high amplitude and 
spontaneous ( ordings. 
Such abnormal EEG was never observed in control animals 
(wild-type, n = 14 and tTA, n = 1 3), while it was observed 
only in one out of eight SI mice (typical histograms obtained 
from transgenic and control mice are shown in Fig. 5B). 

Analysis of the occurrence of EEG abnormalities in trans- 
nice showed a gradient of severity of the phenotype cor- 
related with the level of expression of the transgene. Indeed 
mice of S3 line analyzed by EEG recording showed spon- 
taneous seizures, 3-21 episodes (seven on average) during 
24 h, each lasting 15-40 s (25 s on average), while S5 mice 
more rarely displayed brief spontaneous seizures (2-3/24 h), 
lasting 1-8 s of duration (3.8 s on average), even though 
they manifested very frequent interictal spikes of high ampli- 
tude in each session of recording (Fig. 5C). The absence of an 
>l mice could therefore be explained 
will; the very !ov, rtoai : :v <!,-.■■■ : \, : :a.a,aeuea; observed. 

These results prove that expression of human ADNFLE 
gain-of-function V287L mutation in mice leads to a spon- 
taneous epileptic phenotype, whose penetrance and severity 
is dependent on gene dosage. 

and, in particular, we focused on delta (0.5-4.0 Hz) and theta 

(4. 0- ■ ' a a • . 

lent during distinct phases of sleep. We observed that in trans- 
genic mice of all three lines there was a predominance of delta 
rhythm, while in control mice theta rhythm was more rep- 
resented during 24 h recoid - >\ ei the epi- 
leptic events observed in S3 and S5 mice occurred mainly 
during epochs of increased delta acti 

Analogously to the human disease, most of the seizure 
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episodes of ho(h S3 and SS mpupp.'Ps H;-p, pece iAptpp the isphi 
period f75%S, wim/h i,0!T.::.pe.s^.k p- se .spur uv-nn,: ->!eenmp 
phase. 

EEG recordings after transgene silencing 
Inducible models pre p>.ppkp<i is i ■. ePifi ppv poietsiijllv revert- 
ing the phenotype In ordei to i c i 

could revert the epileptic p'ic - iraals, we 

= " i ■ = - • with oral 
•.line. EEG recotdr _ u,ed for 24 h both 

... .si..... . ,. ,p .. .. j n . n ;,:i, p. 



ictal spikes and seizures associated with increased delta power 
!, indicating that the established epileptic phenotype 
could not be reverted by simply silencing Ihe expression of 
the mutant allele. No amelioration of epilepsy, neither in 
number of - /are duration, was observed in adult 

fter chronic anti-epileptic treatment with carbamazepine 
(data not shown ) administered at the dose of 30 mg/kg, which 
is io the high range of - 



sU!p. . . ■ : ■■ : ohscned ' of the epi- 

,-iem from permanent alterations of 
neural circuits. In particular, we concentrated on the possi- 
ble receptors could affect connectivity 
or synaptogenesis, resulting i < abnoi realities. We 

- - - tsted the effect of transgene silencing during devel- 
opmental stages on the epileptic phenotype. We focused on S3 
line mice, since they display the most severe phenotype. Treat- 
ing pregnant females with doxycycline from day one post- 
coitum, we could achieve complete expression silencing 
within (he c • nal receptors, since 

the drug can cross the placenta and can be administered to 
pups from embryonic day 1 (El). Treatment was carried on 
until post-natal day 15 (PI 5), being doxycycline transferred 
to pups through maternal milk, in order to maintain the trans- 
gene silenced during the stages of brain development in which 
nAChRs are critically involved, and to grant a fast reactivation 
upon drug withdrawal. In fact, long lasting silencing may 
occur after excessively prolonged treatments (23). 

It is important to underline that mutant mice retained 
expression of the endogenous gene when treated with do 
cline from El to P15, being thus identical to wild-type mice, 
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ance oHnii'.spo:v eeae — aa a...-. ^ e« ■ ;le t i .n a aiiaeiipiion level 

These observations if, 
otinic receptor expression during critical stages of brain devel- 
opment is sufficient to isy in adult 
mice. This is the 1 a developmental role of 
mutant nicotinic receptors in epileptogenesis has been proved. 



Nicotinic iece; - a \ ariety of physiological pro- 

cesses, including cognitive functions, anxiety, arousal and 
sleep (24) i insmilter release at 



the pre-synaptic terminal of neurons (25), al 

transduction ro! 

been also recognized (26). 

In the past Years, mutation in eeaa aaaa 
the nAChR have been linked to a specific form of focal epi- 
lepsy, a; 

been mode to identify the preaiac pabeapeaelse rote of 
I in vivo approaches. 
So far two HKHbv aiadaP, a -aa e-.ire Sa'a'r and ins! .264 

illl IHIi !!l!S 

developed on C'5" : i-al cortical 

- ity, which 

is normalized h> j -> i ^ - ■ ; *. -or: a , U : : \ ^ an; a.aen,si 06). Also., 
cortical slice.- ised inhibitory post-synaptic cur- 
rent alter nicotine >iin fair, a saeaesana. lluil abnormal syu 

chronization of pyramidal neurons could determine the 
occurrence of seizures. However, S252F knock-in model on a 

aaaed a He d' 1 - aaaa : aal. aa.and displays no spoil 

- i>i ,e elicit dystonic 

behavior similar to motor features oi human ADNFLF, 
attacks rcae; a^.. casaaan led by la.hu epi tepi i i'orm changes 
( 17). 1 1 ' 1 ' -Is is prob- 

abl\ tine to the iiittn, (i. e difl i * 

The major limitation to the use of knock-in models is the 
irreversihi • to over- 

come this limitation and challenge the reversibility of the epi- 
leptic phenotype, we developed an ADNFLF mouse model 
expressing the p2 V287L mutation in a tetracycline-inducible 
fashion. 

Continuous EEG recordings revealed a manifest abnormal 
brain electrical activity in transgenic mice, characterized by 
very frequent interictal spikes of high amplitude and spon- 
taneous seizures. EEG abnormalities were completely absent 
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that the epileptic phenotype was exclusiv 
of the mutant allele In pans, 
mutant subunit at the highest level, sho 
phenot>pe > nt spontaneo 

"table u\ to dem 
leptic phenotype is specifically due to V287L mutation with a 
pene-dosape efieea .a»...a : fipSier iransgene expression corre- 
sponds to a relative higher presence of mutant nAChRs, 
without affecting the total number of nAChRs. In fact, 
•speriments have shown no change in the density of 
- - and wild-type mice. 

Several reports demonstrated the in 1 
(32 subunits expression (28). As expected, the expression of 
the a4 subunit in our mutant mice is unaffected, further con- 
firming the unaltered number of receptors and possibly exclud- 
ing ectopic expression of mutant receptors. Moreover, 
immunoprecipitation experi ions of 

nAChRs subtype composition, thus indicating that higher 
expression level of mutant (32 subunits neither influence the 
expression of other nAChR isoforms nor the subunit . 
lie ity of the accessory position of the penlamer (28,29). The 
high expression level of the mutant subunit presumably facili- 
tates incorporation of mutant instead of wild-type subunit into 
functional receptors with no change in a4(32* receptor stoichi- 
ometry. 
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minant theta rhvthni, transgenic mice displayed a prevalence 
of delta waves during the 24 h. Moreover we observed a 
tight ormalilies and delta 

rhythm, as most of spikes and seizures occurred during delta 

activity. 

Activity in the delta frequency range is characteristic of slow 
wave sleep (30). During wakefulness, thalamic relay neurons 
that are interconnected with cortex fire with single spikes in a 



latory firing is sustained by conic, - 

a positive feedback to reticular nuclei, thus firing of thalamic 
and cortical neurons get synchronized (31) and involves 
wider brain areas as sleep deepens (i.e. non-REM sleep 
stage 3 and 4). EEG delta activity reflects this high degree of 
synchronization, which is assumed to facilitate the transition 
to paroxysmal discharges in susceptible brains (32). 
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delta activity promotes epileptic 
our transgenic mice. Indeed a correlation between 
slow-wave sleep and interictal spikes have been demonstrated 
both in patients with partial epilepsies and in experimental 
models (32-34), and in particular it has been shown that in 
ADNFLE patients seizures occur mainly during prominent 

Brain electrical activity of transgenic animals was also 
analyzed after transgene silencing by chronic doxycycline treat- 
ment to test the possibility to revert the phenotype. Surprisingly 
enough, the silencing of mutant nAChRs is not sufficient to 
abolish seizures once those are established, as we observed an 
unchanged epileptic activity both in S3 and S5 mice, though 
the transgene repression of expression was corrfirmed. 

Carbamazepine, a known antiepileptic compound used for 
the treatment of ADNFLE, failed to produce any amelioration. 
However, one-third of ADNFLE patients are refractory to anti- 

The results obtained in our model with doxycycline and car- 
bamazepine tic i' ' ' 

leptic phenotype, which could be due to permanent neuronal 
or circuit > a « V taleps} i n resuh 

from alterations of normal cortical development or through 
formation of abnormal connections or neuronal/synaptic 
defects (37,38). 

We reasoned that if disruption of normal development driven 
by mutant receptors is the primary cause of epilepsy, then silen- 
cing of transgene expression ment stages should 

Actually when we repressed the mutant £52 transgene 
expression from El to PI 5 in S3 mice, they failed to display 
any epileptic phenotype in adulthood, demonstrating that 
silencing of the transg* - sufficient to 

prevent initiation o! enotype. 

The role oi ■ ' .ronal development has 

been demonstrated by in vitro and in vivo evidence (39). In 
fact, 32 and other n AChRs subunits are expressed very early 
in development ( - :on induces early 

j ii. ch- 
eating a pivotal role in th cuits \ 
morphogenclic role ha> also Ikvi: t'a >n 1 iced since aceiyl- 
choliiie can affect asaa aac-i-ae yaadeacaa ecu! induce 
a positive • on nAChRs (43). In 
different models, the complete loss of function of the |32 
suhuntf gene catties an .eaaa'aaaa;, as the \isual sysieni fune- 
tional organization Hd a'C"" . : d.s.--;,e .a. otdasace ! >eian aor in 
adulthood (45). Fine eoi 1 y (52 and a 7 
containing recepi< a > ias, ,a.., i ,a-ci! desaoiaaraied in developing 
d ; - - a; nic- 
otinic receptor- ^ - 
the modulation of GAB Ac, aom excitatory to 
inhibitory and in a;. neuronal 



and • . . long-lasting modili- 

: : tun it a resulting directly in an epileptic 

phenotype or • environment for further 
ecsaas^gerik. is'.sairs ( a-S >. 



A developmental origin of ADNFL^ tothesized 
for its onset in childhood (49,50). We report, foi 
link between neural networks development and ADNFLE in 
our conditional model, which associates an epileptic pheno- 
type with the co: 

provide a unique tool for further investigation of ADNFLE 
molecular pathogenesis. 



MATERIALS AND METHODS 

Reagents and suppliers 

All chemicals and drugs were obtain. r - .. - • . ■ Aldrich 
Jicated. Restriction enzymes, 

T4 ligase and buffers \ 

Biolabs (Ipswich, MA, USA). Taq polymerase (Hot Master Taq 
Polymerase) and buffer were obtained from Eppendorf 
(Hamburg, Germany). 

to manufacturer instruc- 
tions. 

Subunn- ' ' > i iiodies were developed in 

Dr Cecilia Gotti' s laboratory (Institute of Neuroscience-CNR, 
Milan, It il I as pi 



Transgenic construct generation 

Chrnb2 v2 * 7L transgene was obtained with two steps of ampli- 
fication: first, FVB strain genomic DNA (gDNA) was ampli- 
fied lv p ( • i "u DNA 
polymerase (Piom ' 1 i forward 
primer (CGGAATTCCGGCTTCAGCACCACGGACAGC, 
£coRI tail) on exon 1 and reverse primer on exon 2 (CTGA 
TGAGCTGTGCCAATGATACC) of Chrnb2 gene (Fragment 
1) at 94°C for 2 min, 34 cycles at 94°C for 45 s, 62°C for 45 s, 
72°C for 2 min and 30 s and 72' C for 10 min i 
cDNA was amplified with forward primer (GTCACAGAG 
GAGCGGCTGGTGG) on exon 2 and reverse primer on 
exon 6 (GCTCTAGAGGGTGAGGAGCTGCAAATGAGAG, 
_\7gd aab ^aecaseas di laass 'a; i'i'SA polv merase ;it <M 
for 2 min, 10 cycles at 94°C for 45 s, 68 C for 45 s, 72°C 
for 2 min and 30 s, 24 cycles at 94°C for 45 s, 68°C for 
45 s, 72°C for 2 min and 30 s and 72°C for 10 min. Fragment 
1 (1263 bp) was digested with EcoRl and BamEI, and then 
cloned iiao adicc.-a; as, : . ; .,:-:..< ..Su aaacac.. ! at Jotta, 
CA, USA). Fragment 2 (1453 bp) was digested with BamEI 
and Xbal, cloned into another pBluest | c toi ( Stra- 
tagene) and then mutagenized (QuickChange™ Site-Directed 
.gene) to insert human ADNFLE 
V287L mutation into exon 5. Both fragments were then 
excised from vectors and cloned together into with EcoBI- 
Xbal opened pUHD10.3 vector (developed by Prof. H 
Bujard, University of Heidelberg, Germany) to obtain 
pTetO-(32VL construct. 

Transient transfections of pTetO-(32VL construct in 
HEK293 cells, with or without pUHDIS.l vector (17) expres- 
sing tTA and pcDNAa4 vector expressing human a4 nAChR 
subunit, were performed by calcium-phosphate. 

Cells were collected after 40 h and lysed in 1% NP40, 
50rriM Tris pH 7.5, 150mM NaCl. Equal amounts of protein 
extracts (70 |xg) were loaded on SDS-PAGE. Transported 
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nitrocellulose membranes were incubated with antibody 
against mouse (32 subunit followed by incubation with horse- 
radish peroxidase-conjugated secondary antibody (Promega, 
Madison, WI, USA; 1: 3000). Protein bands were visualized 
with the Enhanced Chemiluminescence kit (Amersham Bio- 
sciences, Piscataway, NJ, USA). In experiments of transgene 
silencing, doxycycline was added to cells medium at 1 |xg/ 
ml and cells maintained in doxycycline for 48 h. 

Mice lines 

Chrnb2 v2H7L transgene excised from pTetO-(32VL construct 
with Xhol-Hindlll enzymes was microinjected into pronuclei 
of FVB fertilized oocytes (the procedure was developed in 
San Raffaele Core Facility for Conditional Mutagenesis, 
CFCM). Progeny's genotype was screened by PCR to 
Tg(TKE-Chrnb2 v2S7L ) positive mice. Briefly, gDNA extracted 
from 

forward and reverse primers: Tetfor2 (CGGGTCGAGGTAGG 
CGTGTA) on TRE promoter with flrlrevl on intron 1 (GCG 
TTATCTCAACCCTCTTGCCA), specific for the transgene 
(599 bp product) and mb2f2for2 (GACACAGAGGAGCGGC 
TGGTGG) on exon 2 with f2r2rev2 (CTTCTCCAGGAAGA 
CCACCTTG) on exon 6 to obtain a 948 bp PCR product for 
the transgene and 2371 bp for the Chmb2 endogenous gene. 
Both PCRs were performed at 94°C for 1 min and 30 s, 36 
cycles at 94°C for 25 s, 62°C for 30 s, 65°C for 50s and 65°C 
for 10 min. The three founders idei A crossed 

with FVB mice to generate corresponding responder lines. 

Crossing of Tg(TRE-Chrnb2 7L ) responder mice with 
Tg(PmP-tTA/F959) mice (kindly provided by S.B. Prusiner, 
University of California, San Francisco, USA) generated 
Tg(tTA:C/!r«/?2 v287L ) mice, whose genotype was screened by 
two PCRs using m|32f2for2-f2r2rev2 primers on Chrnb2 v2glt 
transgene (as described earlier) and tTAfor (TAAC AACCCG 
TAAACTCGCC) with (TArev (AAGTAAAATGCCCCACA 
GCG) primers on tTA transgene (PCR product: 351 bp) at 
94 C (or I m . i! and 3d ,., 34 ovles at 94 (3 lor 25 s, 55 C for 



"> !3 lor 10 



iditions, maintained on a 
ss to food and water. All 



(tTA: C/ir«/:>2 v 
littermates as controls. 

Animals were housed 
12-h light/dark cycle, wi 
procedures involving aiiimaL are niar care were conducted 
in conformity with guidelines 

and Use Committee, S in 
compliance with national (D.L. No. 1 1 6, G.U. Suppl. 40, Feb. 
1 8, 1 992, Circo! I international 

law s and p< Hrective 86/609, O.T L 358, 1 

DEC. 12, 1987; NIH Guide for the Care and use of Laboratory 
Animals, U.S. National 



Analysis of trans -- ition 

gDNA extracted from tails of T g(UZ2E-Chrnb2 ' ) responder 
mice and wild-type control mice, was digested over/night with 
lies and processed for 
Southern Blot as previously described (48). TRE probe and 



labeled with [a- PjdCTP (Amei iwa; 
NJ, USA) by random priming (Rediprime II, Amersham Bio- 
sciences, Piscataway, NJ, USAs. Ken exposed to 
KODAK autoradiograph film (Amersham Biosciences, Piscat- 
away, NJ, USA) at — 70 C with intensifying screen for 4-96 h 
and in the end films were developed. 

■ ins. n ion, 

gDNA was digesk 

frag men is ofdinerasjl nanad; an fa.- erak nan; ■' nen33 gone 
and Chrnb2 v2&7L transgene (1747 and 1143 bp, respectively). 
Increasing an itid 8 jxg) were 

■ ■. ;:■<:■■■: o in TAE buffer to directly 

compare endogenous gene \aaaa, honsgcne band inlcnsily. 

detected using a probe 
on exon 5, en " 'or with Ndel- 

>n and detection were per- 
formed as described earlier. 

To detet i . i 
Tg(TRE-Chmb2 V287L ) lines wi it with 50 U 

of Msel restriction en/;, . > i<* SV40 polyA sequence 

and ligated with T4 D % ,uon. The self- 

ligated circular DNA a 1 enzyme, then 

amplified by inverse PCR with outwardly facing primers 
within the transgene sequence (forward primer: CAGGTCA 
ACAGGCGGTAAC; reverse primer: GCACAGATAGCGTG 
GTCCG) at 94°C for 1 min and 30 s, 34 cycles at 94°C for 
25 s, 53°C for 20 s, 65°C for 50s and 65°C for 10 min. One 
microliter of inverse PCR product was then amplified with 
nested primers (forward: CCTGGCGGACGGGAAGTA; 
reverse: CAGGACGACGAGGCTTGC) at 94°C for 1 min 
and 30 s, 36 cycles at 94°C for 25 s, 55°C for 20 s, 65°C for 
45s and 65°C for 10 min. 

Nested PCR products were separated on 1.5% agarose gel 
and the specific transgene bands purified and sequenced 
(MegaBACE 1000 analyzer). Site of insertion of the transgene 
in each transgenic line was unambiguously identified by align- 
ment (BLAST). 



of 2 -month-old mice 
zol method and sub- 



Analysis of transgene expression 

Total RNA was extracted from tiss 
and from brains of PI -2 mice by 
sequently treated with DNase I (Invitrogen, Carlsbad, CA, 

RNA was reverse mg random hexamers^uper- 

a ; : ' : : ; . : . a. ■ ana-, a 3 

CA, USA) according to the manufacturer's instructions. 
RT-minus control was included in each reaction to control 
the absence of gDNA contamination in RNA ptepai 
Endogenous and transgenic Chrnb2 cDNA was amplified 
using forward primer on exon 5 (T GG A (3 A T (3 A (3 (3 T A C G A 
CTTC) and reverse primer on exon 6 (CGTATTTCC ' 



CTCC 



TC) 



94°C 



The PCR product of 700 bj 
transgene-specific restrictioi 
a 1.5% agarose gel in TAE 
sponding to the endogeno 
band) and to the transg« 



nsit; bands corre- 
lcut product: 700 bp 
iroducts: 500+200 bp 



SV40 probe were both excised from pTetO-|J2VL vector and bands) was quantified by fluorescence detection (Typhoc 
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-ham Biosciences, Piscataway, NJ, USA) and 
scanned im ige sQuant, Amersham Biosciences, 

Piscataway, NJ, USA). 

For the analysis of brain regional expression, total RNA was 
extracted from cortex, thalamus, caudate-putamen, hippo- 
uul ■jlurri 

Tg(fTA:Chrnb2 x 2>s ' 

cation after anesthesia and the whole brain removed. Brain 
was processed with a tissue chopper (Mclllwain Tissue 
Chopper, Vibratom) and areas dissected under a stereomicro- 
Total RNA was reverse transcribed as described and 
Chrnbl cDNA amplified by PGR. Because of the small 
amount of RNA extracted from brain areas, the PGR strategy 
described earlier was preceded b\ .ion with 

external primers (forward CTGGACCTACGACCGCACT 
GAGA and reverse (GATCCAGAGGAACAGGCGGTCGA, 
at 94°C for 1 min and 30 s, 42 cycles at 94°C for 25 s, 62°C 
for 20 s, 65°C for 1 min and 65°C for 10 min). Detection 
and comparison of endogenous gene versus transgene 
expression were performed as described earlier. 

Binding assay, immunoblotting and immunoprecipitation 

Cortex, hippocampus, caudate-putamen and thalamus of 
wild-type, Tg(PrnP-tTA) and Tg(tTA:C/?ra62 v2S7L ) mice 
were dissected, immediately frozen in liquid nitrogen and 
stored at -80°C for later use. In each experiment, tissues 
were homogenized in an excess of 50 him Na phosphate pH 
7.4, 1 M NaCl, 2 him EDTA, 2 min EGTA and 2 mM phenyl- 
methylsulfonylfluoride and the protein content of the mem- 
branes measured using the BCA protein assay (Pierce, 
Rockford, IL, USA) with bovine serum albumin as standard. 

Binding experiments were carried out by incubating ali- 
quots of membrane homogenates with (+/— ) H-epibatine 
(pH-epi; specific activity of 70.6 Ci/mmol, purchased from 
NEN, Boston, USA) 2 nM at 4 C overnight in the presence 
of 2 |xM aBungarotoxin (Sigma-Aldrich, Milan, Italy), to 
prevent 2 H-epi 

subunit. Non-spe eraging 5-10% of total 

binding! was determined \\\ wiwww ■ v-\->y-. : \ incubation 
in (ho pre ■■■).:. 

Nalick, MA). Alter mcubanwe be; >. ; wp : . were filtered on 
a (bibb. 

15 ml of lOm.M Na phosphate pH 7.4, plus 50 mM NaCl and 
counted in a (3 counter. 

12 .I-aBungarofoxin binding exoenn;em> were periormed 
by inculv _ _ con- 

centration of 1 '-"l-ci t!i!!HU!roiO\i!i i "l-uBglx: specific activity 
of 220 Ci/mmol, purchased fi 

cataway, NJ, !>."•>.,- ■ ' - bovine serum 

. radr li- 
ned in the presence of 1 fiM cold aBungaro- 

>inding (mean + s.e.m. of four 

experiments performed on the different areas) between geno- 
types was analyzed by one-way ANOVA followed by 
«ii po\r hoi test 
Wild-type or V287L mutant receptor constructs were trans- 
fected in HeLa cells for saturation binding and inhibition 



from transfecfed cells 
were incubated with 3 H-epi (NEN, Boston, MA) at concen- 
tration ranging from 0.005-5 n\l for saturation binding For 
inhibition experiments, membranes were incubated 30 min 
with increasi - (1 p\l to 10 |<M) of unlabeled 

.i\..r> concentration. Incu- 
bation was prolonged for 3 h at RT. Non-specific binding 
was me. . e of 200 nM unlabeled epi. The 

experimental data obtained from the saturation bir.v 
intents were anal>/ed b> iu-n birr-i br-.; >..w:.e,- proeedurc 

died in (52). The calcu- 
'i. lined on two independent 

experiments. 

The K ; values of nicotine were detenuc 
LIGAND pruv >med from two indepen- 

dent competition e-- ' ins of the 

F-test. 

In western blot analysis, 5-10 pug of protein obtained from 
nies of each area were dissolved 1:1 (vol/vol) with 
Laemmli buffer and then underwent SDS-PAGE using 9% 
ide. The proteins \ .ally transferred 

to nitrocellidi' - Jniell, Dassel, 

Germany) with 0.45 mm pores. The blots were blocked over- 
night with 5% non-fat milk in Tris buffered saline (TBS), 
washed in a buffer containing 5% non-fat-milk and 0.3% 
Tween 20 in TBS, incubated for 2 h with 5 |xg/m.l of subunit- 
specific polyclu : ubated with the appro- 

priate peroxidase conjugated secondary antibodies. After 
another series of washes, peroxidase was detected using a che- 
miluminesi enl subsii ii i 

The intensity of the western blot bands was acquired using 
an Epson 4500 scanner and optical density analyzed using NIH 
Image J software (National Technical Information Service, 
Springfields, VA, USA). Values are expressed as fold vans 
versus wt. 

For inn i '.on experiments 2% Triton X-100 

extracts were prepared from membranes as described pre- 
viously (53). Extracts were labeled with 2 nM "H-epi and 
then incubated with a saturating concentration of anti-subunit 
affinity purified IgG (anti-«2, -a3, -a4, -a5, -a6, -(32, -(33, -(34 
subiiniB; b;ieb -r.pii x ipii rile was recovered by inctihal- 

1 nning bound anti -rabbit goat 
- Milan. Italy) and analyzed by one-way 
ANOVA followed by Tukey's multiple comparison post 
hoc test. 



Behavioral analysis 

Sensory-motor function of mutant mice compared with con- 
trols was assessed by SHIRPA protocol primary screening 
(54). Briefly, undisturbed behavior of each animal was first 

activity and respiration rate were recorded, assigning a score 
to each behavior. In addition, manifestations of tremors, 
bizarre behaviors, stereotypes or convulsions were checked 
at this stage of the protocol. Thereafter mice were tram 
individually to a new arena and were tested for transfer 
arousal, palpebral closing, piloerection, gait, pelvic and tail 
elevation, touch escape and positional passivity. There fol- 
lowed a sequence of manipulations using tail suspension and 
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a grid across the width of the arena: animals were scored for 
trunk curl, limb grasping and grip strength. To complete the 
assessment, the animals were restrained in a supine position 
to record autonomic behaviors (heart rate, skin color, limb 
and abdominal tone, lacrimation, salivation) prior to measure- 
rs ' ditii >f the animal. Vocaliza- 
tions and irritability (during supine restrain) were also 
recorded. Fear was assessed based on reaction to transfer to 
a new environment. 



EEG analysis 

Mice were anesthetized with intraperitoneal (i.p.) injection of 
5% chloral hydrate dissolved in saline and given in a volume 
of 10 ml/kg body mass. Four screw electrodes (Bilaney Consult- 
ants GMBH, Dusseldorf, Germany) were inserted bilaterally 
through the skull over cortex (anteroposterior, +2.0-3.0 mm; 
left-right 2.0 mm from bregma) according to brain atlas co- 
ordinates (55); a further electrode was placed into the nasal 
bone as ground. The five electrodes were connected to a pedest al 
(Bilaney, DusseL . 

(Palavit, New Galetti and Rossi, Milan, Italy). The animals 
were allowed a week of recovery from surgery before starting 
the experiment and acclimatized to a sound-attenuated 
Faraday chamber for a period of 3 days. For the assessment of 
basal cerebral activity, freely moving mice were recorded con- 
tinuously for 24 h using PowerLab System (ADInstruments, 
Castle Hill, Australia). EEG traces were sampled at 100 Hz. 

EEG recordings of doxycycline-treated animals were per- 
formed as described earlier, after 1 -3 weeks of doxycycline 
treatment (1 mg/ml in drinking water with 5% sucrose to 
mask the bitter taste) changed every 2 days. After EEG record- 
ings mice were sacrificed and h was verified 
by RT-PCR. 

In experiments involving mice treated with doxycycline since 
embryonr 

El to P15 in mothers' dn • i ! ,\:Chmb2 v2S7L ) 

mice were the i. •v-\ desuihed, 

at 4 months of age. / co were sacrificed and 

brain processed for RT-PCR . c ri fy trans- 



fitting was accomplished by least squares method on. a 
window of 40 ms centered on the vanishing value of the 
second derivative of the histogram (about 50 ms). 

Seizures were idenii tied : • eo of 

spikes (at least nine events over-threshold at a distance less 
than 1 s) and loc 
visually. 

Spectral profiles for delta (0.5-4 Hz) and theta (4-8 Hz) 
frequency bands were obtained along the 24 h monitoring, 
ror each 60s epoch- I he spocUsw v, ..-slimmed according 
to the Welch method (with a Hamming window of 10 s) and 
Ihe content oi'holh dei!-' aw; i;ve wwwencies was expressed 
as power (computed in the 

0-30 Hz range). 

EEG power density values \\ j i \t<_ h frequency 

:'. /»f) Sesis 

(with 'Tut , 1 ' ' msons) to 

evaluate the significance lev i geno- 

For the analysis of epileptic events occurrence during delta 

epochs- ihe /'-value was determined by applying I ho hyper 

' a> randomly select a 
number of 4 s epoch- ■ in the total number 

of epochs of the entire recording and get the found proportion 
of epochs where delta /theta ratio was at least 2. Analyses were 
made in the \ 
works, Natick, MA). 



SUPPLEMENTARY MATERIAL 

Supplementary Material is available at HMG online. 
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By prolonging the linear segment of the distribution tail, it 
was possible to determine a cut-off value for each 24-h 
recording. Above this threshold, the potential increments 
within 20 ms were considered as spikes and an estimation of 
the number of their occurrences could be obtained. The linear 
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